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TRANSIENT VELOCITY ASSESSMENT IN GALLIUM ARSENIDE, AND OF QOTHER
Garrs CHARACTERISTICS RELATED TO DEVICE FUNCTIONS

Six Manth Technical Report

Executive Summary

Qur efforts on this project can be divided into four

broad areas:

A, Collection and assecsment of literature dealing with
experimental and theoretical work on high electronic
velocity in Gafdes material and devices.

B. Critique of the assumptions used in the theoretical
work mentioned above.

€. Collection and assessment of data from the literature and
cur own lab concerning the midgap level ELZ.

D. Uzing the EL2 data mentioned above to assess the quality

of GaAds wafers as substrates for device purposes.

A, MWke have accumulated a large library of publications desling
Wwith wvarioue aspecte of carrier transport in Gads. From thas
initial pool of about 250 articles, over 80 are concerned with
velocity overshoot, ballistic transport, hot carrier response,
etc. in a variety of materials. Bulk GaAs, two-terminal devices
such as N+N-N+ diodes, and three-terminal devices (such 3¢
MESFETs and bipolar transicstorcs) are treated. HWe have chosen to

concentrate primarily on the three-terminal device literature.

B. As the dimensions of GaAs devices shrink, charge carriers

g
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require lecss time to travercse the active reqgicn., for very shaory
channels in a MESFET, for exampie, the transit time may be <o
short as to become comparable to the time between callisions for
the electron. If the electron deoes not suffer any collicsions
during ite trip through the channel, i1t 1is not likelv to he

cscattered ocut of the qamma conduction band and intc either the X

10

or L bands, both of which qive the electron a greater effsctiu
mass, and thus smaller mobility. Any theoretical work modeling
the behavier of carriers in short-channel devices rmust be
cognizant of this fact. Drift ands/ecr diffusion transport
equations muset be incorporated into the model and staticstical,

collision-based equations such as the Boltzman transport equation

must be wused with care. The wvarious ccattering mechanisms
influencing carrier transport need to be studied in detail. In
addition to the "normal" <cattering procecsses, "new" mechanisms

seem to pop up regularly, as the rather rosy thecretical precic-
tions are increasingly running up &gainst far less coptimicstic

experimental data. It may be that subpicosecond transit times

m

1

for an electron in an FET are simply not possible. An analy
cf the available literature indicates that the <ccattering
distance is likely to be no more than 100 nm or sco, which would
make the resolution requirements for lithography almost inteler-
able for a device (MESFET, MODFET, etc.) in which carriers travel
parallel to the surface plane. Accordingly 1t is necescary for
us to examine the literature and status of vertically-oriented

devices.
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C. On a separate (materials dominant) topic alse of concern for

fast Game devices and ICe, we have been making 3 collection

1]

of 1information concerning the wvarious midgap defect levels iIn
GaRke, notably the "ELZ" center, Qur library on this and related
topice currently contains over 400 articles and more are being
added each week., As an indication of the etill incressing anount
of interest on thie topic, over a fourth of the articles have
release dates in 1984 or thus far in 1385, Even with all this
activity, the microscopic nature of ELZ2 still remaine an open
question., It is widely considered that an antisite defect (As on
a Ga site) is involved, but it has yet to be conclusively proven
whether the antisiie alone is recponsible, or whether ELZ2 ics &
complex made up of the antisite plucs one or more nearby defectes.
If a complex of csome sort 1i¢ eventually implicated, it 1is even
more unclear as to what specific defects are invelved. Fublished
work, and oral presentations at various meetings through early
1985 do not indicate that the total i1dentity of ELZ 18 cicse rto
reaching consensus status, This 1is, of course, & matrter for
concern <ince a continuing reliable commercial availability of
"undoped LEC" GaAs is an essential for the GaAs IC industry to

qrow as planned.

D. Our work alsoc concerns experimental measurements pertaining
to EL2 and other midgap defects in GaAs, (Much of this experi-

mental work 1is being carried out under NSF sponsorship, but on a

p o
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subject of <simultaneous interest to DARFA.) These measurements

include the mapping of the "neutral EL2 " concentraticn acroses

-+
w

the area of & Gadke wafer from infrared transmittance dats,
Qur experimental technigue has been developed in sensitivity to
be able to make <cuch measurements with & wafer (noliched both
sidee) of nominal 0.5 mm thickness. Among the measurements of
thie kind that have been made to acssist DARFA contractors hawve
been transmittance maps on full wafers, part wafers, and thicker
wafer clabe, cent to us by ARACOR, Inc. Some of these had been
polished and partly thinned by the ARACOR "non-contact polish?
technique. Measuremente with thi: material were complicsated 1in

come casee by a lack of flatnese for the treated surfaces;

1)
"

however, our assecsment of ARACCR-treated materisl ends  up
a finding that this treatment doec not have any detectable effect
on the ELZ concentration, as inferable from the optical trans-
mittance, In collaboration with Tektronix/Triquint Semicondue-
tere (ancther DARPA contractor), we have also conducted tests of
compariscens among wafer maps of ELZ, dislocations, ana FET
parameters. An initial cstage of this work indicstes an apparent
correlation between the ELZ concentration and FET properties, as
distinquishable from any effecte of dislocations. Thie wort 1s

continuing.
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Si1x Month Technical Report - Narrative

We now discusee each of the program areas in some detsil, again

dividing the project intce the same four topics.

AL Collection and assecement of literature concerning bigh

electronic velocity 1in Gade. Much of the time i1n the 1nitial

phase of thie project was spent Qqathering a base of literature
dexling with transport in Galks in Qqeneral and with high elec-
tranic velocities 1n particular, While many of the articles desal
with ballistic effects in bulk material, others treat the problem
in a variety of both two- and three-terminal devices, The
information gathered about the behavior of electrons in the bulk
material can often be applied directly to electrens in the

devices. In order to exploit the ballistic effects, the device

1

qeometries under consideration asre very csmall. Since 1t i
still quite difficult to fabricate MESFETs with (0.25 micron
zhannels, moest of the work published to date 1s theoretical in
nature, often consisting of Monte Carloe simulations of electronic
behavior. QOur own effort has been narrowed to the asscecssment of
the literature dealinag primarily with three-terminal devices,
The effects with which we are concerned are discussed in section
B below, initially from a simplistic tutorial viewpoint, and then

with recent pertinen® literature as the basis for discussion.

B. Critique of the assumptions used in modeling ballistyic i

pe
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effects in_ three—terminal GaAs devices. Before providing &

critique of the assumptions used in the modeling approaches, we
need first to discuss the physical cituation in short—-channel
devices and ascertain which assumptions would be appropriate. MWe
Wwill first discuss the topic of electronic transpeort in bulk GaAds
and then study the additional effects «caused by restraining the
electronic motion to emall spatial areas.

R.1 Scattering Mechanicms

Al though some work has been done on hot hole transport in
Garis, we will concern ourselves here with electronic transport
only., The conduction band in GaAs (shown in Fig., 1) is charac-
terized by a direct minimum at the gamma point and twe higher
level vallevs, the X band in the [100] directicon and the L band
in the [111] direction. Although it had earlier been thought
that the X band was lower in enerqy than the ¢ band, work in the
mid-1370s (see the review [1]) has shown that the twoe bands are
at a <similar energy, with the L band actually being clightly

lower. So while it 1s moest favorable energetically for electron

it

to be in the qQamma band, scattering processes and the application
of large electric fields can cause large fractions of the
electronic population to vreside in the L and X vallevz. The
consequence of having electrons in these higher valleys can be
seen by looking at the curvature of the bands in question 1n
Fig. 1. The central minimum or gamma band 1is sharply curved
leading to an electronic effective mass of only 0.063 n, where m

is the mass of a free electron, while the less curved L and X

4
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bands have effective masses of 0.222 m and 0.58 m respectively.
Thus the mobility of electrones is greatly reduced when they qet
scattered from the gQamma band to either of the other twoe. The
key to having very high electronic velocities in GaRks is then,
well recognized as being a mandate, to keep as large 3 fraction
as possible of the electronic population in the garma band for as
long as pocesible.

There are two principal mechanisms for interband transfer of
electrons., Since the L and X valleye are at higher energies than
the qamma band, enerqy must either be added to the electron or
the kinetic energy of the electron wutilized. In any rtype of
device, the electrons will be under the influence of an electric
field. The effect of such a field on the population of the
upper valleys 1is <shown 1in Fig. 2 and the net effect on the
electronic velocity is s¢hown in Figq. 3, both from the well-
ectablished literature of "retroqrade electron velcocity”" in Game.

In addition to being boosted into the higher energy., lower
mobility bands by the application of an electric field, electronge
may also get there as a result of wvarious scattering processes.
These processese include collisions with acoustic phonons through
the deformation potential, collisions with polar optic phonons,
ionized impurity scattering and nonpolar optic phonons [2), as
well as other mechanisms. Indeed, 1t has been the case so far,
that new scattering mechanisms are being uncovered at a rate that
corresponds very well with the rate at which the experimental

results are failing to 1live up to the thecretical predicticng!

B
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In order to properly model the behavior of electrons in devices
it ie necessary to include all of these scattering processes 1n
the equaticons governing the electronic hehavior. We have been
increasingly finding that the "known" mechanisms have not been
adequately describing the behavior found in the small amourt of
experimental work that has been done. "New" scattering pro-
cecces, primarily dealing with electron-electron interactione,
keep being proposed to explain the data.

Obviously, if the goal is to have the electron traverse the
active region of a device before it is scattered or otharwise
excited into the higher level valleys, one ¢f the keys is to make
the active region as short as possible. MWith the advances in
technology that are currently being made, FETe with 0.25 micron
charnel lengqths are no longer unfeasible. The rationale is to
mzke the channel region so short that the electron doees not have
time to scatter while it is in the regioen. If the electron can
crose the region without wundergoing any collisions, it will bs
moving ballistically and may thereby attain a maximum velocity.
Statistical treatments such as the Beltzmann Transport Equation
(BTE) are based on the assumption of a large number of collicions
during electreonic transport, Drift and diffusion equationse alsc
take into account scattering and must be modified if they are to
be used with any hope of accuracvy.

Before we qet into a specific critique of the assumptions
veed by wvarious researchers, we will show a simple calculation

designe.” to illustrate the times and speeds involved. Consider

-4
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12
an electron traveling with constant wvelocity 2 X 107 ern/s

through a channel of length 0.4 micron; the transit time 1is then

some 2 ps. Al ternatively, suppnee an  electron in Gans i

accelerated from rest by a field E = 2 &kUem for a temporal
impulse lasting 1 ps with no scattering; & distance of 0.4 micron
is covered, withh a3 final velocity of 8 x 107 em/s. Thus zny
scattering process with a time btetween collisionse of a few
picoceconds will, in general, be important. Ueually, tne
scattering mechanismse are discussed in terms of their effesct on
the electronic mobility rather than the collision time (see,
e.q9., [3]). It has 1long been thougnt that the mecst prevalent
form of scattering at 300 K is polar mode scattering by optical
phonons. In addition, ionized impurity scattering will become
increasingly important as the number of impuritiec becomes larqger
(as may be the case in the active regicn of a device). Deforma-
tion potential ccattering by acoustic phonoens can alsoe plav some
role at room temperature. These mechanisms &are compared in
Fig. 4. Eecides these relatively well-known mechanisms, several
other modes may be important. Intervalley phonen modes and
piezocelectric modes may alse be important, and recent wotrk has
shown that electron-electron and electron-plasmon <ccattering
processes play a critical vrole 1n limiting electronic veloci-
ties.

In additien to the aboeve discuseion of scattering mechan-
isms, we need to mention one further constraint. The aspect of

the literature that we will be primarily concerned with is that

e
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of the wvelocity of electrons. There 1is & maximum value of the
velocity which should be used tc compare the projected velccities
of electrone in either the models or the actual devices, The
qroup velocity of electrons in a material is defined as (dw/dk).
Thie can be written ac (1/h)(dE/dk) which ie (1/h) times the
slope of the E(k) relationship. Thus, the greater the slope cof
the band (not the curvature), the higher will be the maximum
velocity possible in the material. For GaRs, the maximum slope
ie in the central or gamma conduction minimum in the [100]
direction as shown in Fig., 1. This corresponds to a velocity of
1 x 108 cmss.

Any projected or claimed velocities greater than

this value must then be viewed with skepticism.

,...
&
[\

Maximum Electron Velocity

We now discuss some of the literature dealing with verv
high electronic velocity in GaAs, reztricting ourselves primarily
to three-terminal devices. Two broad Qqroups of theoreticsl

| models exist that discuse large velocity effects in GaAs. The
{ first are Monte Carlo techniques based on the behavicor of a larar
‘ ensemble of electrons. The motion of the electrons 1¢ modeled as
‘ a sequence of free flightse between collicions. Retueen colli-
sions, the electrons are assumed to obey classical laws of mction
determined by the band structure of the material. Collisions are
considered to be random events, whose probabilities are krnown
functions of enerqy. The duration of a free flight, the kind of

scattering process and the change i1n momentum produced by the

collicsion are determined by randoemly produced numbers. Thisg

e
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gives, in essence, a numerical solution of the Boltzmann trans-

port equation. The second Qroup of models is based on & hydro-

dynamic interpretation of the Boltzmann transport equation, znd

involves much less computer time than do the Monte Carlo tech-

niques. The <second Qroup are analytical rather than numerical.

This gQroup basically solves Poisson’s equation with the appropri-

ate boundary conditions using & fast Fourier tranceform. To be

phyeically meaningful, the mesh spacing must be small enough to

recsalve the wvariation of the physical quantities i1nveolved. The

fazt Fourier transform is an iterative process and convergence is

usually taken to occur when the soluticon for the potential

changes by lese than (kT/q). The models can be used to calculate

various physical quantities of interest.

One of the earliest calculations of high electron velocitv
in GaRs was that by Ruch in 1872 [4]1. His Monte Carle method
assumed that the dominant <ccattering mechanism was by peolar

optic phonons and alsco included the effects of acoustic phononsg,

non-parabolicity of the conduction band minimum and 1ntervalliey

scatterinq through the admixture of p-type statez. He concluded

that the electrons would reach a maximum velocity of 4.7 x 107

cm/s and thus should be able to cross a 0.35 micron gate i1n about

1 ps. The electrons he 1i1njected were postulated te be cold,

i.e., not excited before injection.

Other early work [5-7) made similar rosy predictions. The

Morte Carlo simulations of Reec et al. [S5) stated that velocities

on the order of 2 x 10’ ghould be poesible for devices with

4
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source-drain distances a¢ long as 3.8 microns if the material is
ccoled to 80 K. Carnez et al. [6] mentioned that fringing
effects due toc the surfaces and the contacts: nesd to be con-
sidered. Using pulsed fields, they claimed that for gate lengths
of 0.3 micreoen, electrons could reach wvelocities of & ¥ 10?,
with velocities of 3 x 107 poscible for steady state conditions,
Shur and Eastman [7] discussed the possibility of injecting the
electrons with & considerable eneray and thus not having to
accelerate the electrons in the gate region. To prevent i1nter-
valley transfer, they limited the injection energy te 0,35 eV,
the energy differznce between the gamma and L bands. For a
device operating at 77 K, they inferred that ballistic trancsport
is certainly poscsible and <chould provide velocities in the mid
107 ranqe. i

The first experimental evidence of ballistic motioen in &
three terminal device was provided by Eastman et al. [€] 1in
1980, They said that the mean free path between collisions was
limited by polar optical phonons to about 0.1 - 0.2 microns.
Since their device structure had a lenqth of 0.5 microns, theu
assumed that the electrons suffered two or three collisions
during the transit, Their electron flow showed definite evidencs .
of being partially-ballistic in nature rather than chowing
saturation.

These optimistic predictions continued for the next couple
of years with no real experimental confirmation [9-16]. Most of

the velocities estimated from the models mentioned akove were 1in
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the mid

107

1980 by Barker

wlth gate

lengthe on

le

The firet real note of cauticn came in
[17,18]. They correctly pointed out that

the order of 0.23 rmmicron, the thicknezs of

the laver was no longer negligibly small. Instead of a one-

dimensicnal problem,

one had to work in two dimencsions., In

addition to surface scattering, which had been generally ignored,

they clairmed that the electron flow may actually be zpace-charge

limi ted.

Coulombic

electron-electron interactions could plav a

vital role in the scattering process. Their conclusion was that

the boundary

motion,

characteristics

even be observed.

conditions were what dominated the electronic
not ballicstic effects., Thus, by simply studying the 1-V

short devices, ballistic effecte could not

(ne of the few experimental paperse of 1981 provided come

information that

raqing.

to measure

AlGaRe on

velocity

GaAs.

of

Stiank

4.4

could be taken as either incouraging or discou-

{12) uced a subpicocsecond opticeal techniove

the electron dynamice in a two-terminal diode made of

TJo fi1t their data, they assumed an electyan

107 for the first 1.1 picoseconds of the

electron’s travel between the contacts and then a slower 1.2 x

107 for the rest of the crossing. This information was encourag-

ing in that

veloci ty

several reasons.
structure rather than

transit corvresponded

it

was the firset direct confirmation of electronic

significantly qreater than 107, but discouraqing for

First, it took place in a AlGaAs-GaAs hetero-

in GaAs. Second, the short pericd of rarid

o

to a length of only about 0.2 micron and
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most importantly, the experiment took place at 77 K rather than
at room temperature,

The Cornell qroup still maintained that bv injecting
electrons that were already ballistic (velocity =1 x 108),
very larqge speeds could be maintained for as long as 0.3 micron.
In fact, even assuming gradual scceleration, they claimed speeds
reaching 5 x 107 for lengths of 0.2 micron. Their model consi-
dered only polar optical scattering and allowed injection
energies of .2 to 0.26 e with no intervalley scattering.

In the last couple of years, however, the theoretical work
has <chown much less optimism. Al though some models <ctill

predicted fairly high velocities (the hydrodynamic model of EBuot

n

and Frey claimed that v = 3.8 x 107 was possible for a .2
micron qate [21], and a one-dima2nsional model developed by Shuk-
hanov et al. claimed é x 107 cm/s [22)), the Monte Carle studies
were finding that other mechanisme, (previously 1ignored) caused
the path length where the velocity was rapid to shrink very
rapidly., Littlejohn et al. [23] found that even if the average
injection enerqy of electrons was lecses than 0.36 eV, (i.e., the
intervalley energy) enough electrons have Qgreater energies so
that intervalley scattering 1is very important. Ballistically
launched electrons lose their momentum very rapidly (on the crder
of a few hundred angstroms), rather than slowly over about 0.3
microns as previously expected. For base widths of about 250

angstroms, velocities as high as 4 x 107 cm/s may be possible,

but for lengths of 0.1 micron, speeds only half that fast can be

e ——— e
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maintained. Awano et al. [24] painted a somewhat trighter
picture, claiming a velocity of 7 x 107 a3t a distance of 0.16
micrones from the source. The device thev model has both the gzte
and the source-drain distance equal to 0.25 micrvon. They include
intervalley scattering and collisions with ionized impurities. A
more detailed work by the <came group [25] claims that the
electrons are accelerated very rapidly (in the first 0,02 micron
or €6) up to speeds of 3.5 x 107 cm/s and then more slowly up to
about 8.5 x 107 cwer the remainder of the .25 micron source-drain
lengqth. They claim that some electrons may even reach velocities
of 1.2 x 108 em/s.  The fact that this value is faster that the
phvsically allowed maximum velocity in GaAs causes one to doubt
the veracity of their work! In addition, the above-quoted values
of velocity were for a temperature of 77 K rather at room
temperature, so their wucefulness is further undermined. Their
calculations do reveal one interesting phenomencn - namelv that
charge tends to pile up at the drain end of the channel. Thics
increase in charge density (shown iIn F19. 5) could leac to
stranger electron-electron interactions, although Awance et
al. did not include any scattering mechanisms of this tupe in
their calculstion.

The Cornell qroup has been the primary qroup pubtlishing
experimental results in the last couple of years [26,27). Thsy
found that the predictions based on polar optical phonon scat-
tering being the most important mechanism were overly optimistic.

The devices they were building did not perform up to the predic-
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tions. In fact there tended to be a more than two to ane
diescrepancy. In order to explain the discrepancy, Hollis et
al. [26) postulated <ceveral new scattering mechanisms. Thev had
previously neglected electron—-electron scattering and scattering
from coupled plasmon-optical phonon modes. Compared to the
previously conesidered primary scattering mechanism, the polar
cptical phonon  scattering, they found that the electron-electron
cscattering had & rate that was larger by more than 30 percent znd
that the plasmon-phonon modes accounted for more than twice as
much scattering as the polar modes. Without these extra
scattering modes present, the Monte Carlo simulations provided
device parameters that were approximately twice as optimistic as
the actual performance. Recocgnizing the 1limits thece rnew
scattering mechanisms place on device geometries, the Corrnell
qroup is no longer working on the standard MESFET. Their
planar—-doped barrier transistor is 2 vertically oriented device
that uses a barrier to inject electrons with a couple of tenths : g

| o

of an eV enerqy (corvesponding to velocities i1n the upper 10’ ,

cm/s). This wvertical geometry allows them to have base lengths
that are very short., The work of Hollis et GLl. [26] dealt with
base widths from 700 - 2000 angstroms. This work has been [
detailed more thorcughly here because it seems to present a qood
possibility for high speed devices, as will be dizcussed below.
Very recent studies have tended to confirm the Cornell
results, Monte Carlo studies by Lugli and Ferry [28] have shown

that electron-electron and electron-plasmon interactione severely
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limit the possibility of ballistic transport except for very
short distances. Even working at energies low enough that
plasmon-phonon coupling and intervalley scattering can  be
neglected, they found that the Coulombic interactions mentioned
above casuse the elesctronic velocity to fall to about half of ite
injected value after only 1000 - 2000 angstrome, ae chown in
Fig. €. Work by Havee et al. [29] alsc found strong electron-
electron scattering. Assuming that this mechanism ic egjually
strong as  the LO phonon scattering, their Monte Carlo results
gave a scattering length of 400 angstroms. They did not include
coupled plasmon modes or imprrity scattering in their model,
Experimental work by the same group [29] injected electrons with
0.25 eV intoe devices with base lengths of 1200 and 1700 ang-
stroms. They found that the electrons experience considerazble
scattering during the transit of the base, with, s expected,
electrons in the 170C angstrom base being scattered more thsn 1n
the 1200 angstrom base. Finally, Chen et 3l. [30] have recently
measured velocities of about 2 x 107 ¢m/c in !nGadcs devices and
suqgest that this could be speeded up somewhat by using InGams
devices with gates made of GaAs. This latter type of device has
vyet to be fabricated.

What we have found, therefore, is that as the fabrication
technologqy is improved and actual devices are being made, the
results are considerably less rosy than the early predictions of
a few years ago. HWith the large number of electrons present in

the active reqions of most devices, the flow tends to be space
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charge limited and Coulombic interacticns between electrone and
plasmons and among electrons themselves are the dominant cscatter-
ing mechaniseme. It appeare to ue that with the ecattering
lengths getting down into the few huncredse of angstroms range 1t
will be increasingly difficult to fabricate standard geometrvy
MESFETs with gate and/or channel lengths adequately small. The
bezt chance for actually making devices with verv fast switching
epeeds (a3t vroom temperature, of course) appears to lie in
vertically oriented qecmetries, where the active regione may be
easily made 3 few hundred angstroms thick. Figure 7 shows an
energy diagram of the planar doped barrier trancsistor mentioned
above. A second possibility that also allows for wvery shart

transit distances due te 1ts vertical orientation is the perme-

able base trancistor [31,32]. Its geometry is shown in Fig. 8.

C. Ceollection and sssessment of litersture concerning the midgan

level FEL2. As stated in the summary asbove, the amount of

li1terature dealing with EL2 1s quite astounding. FPerhaps even
more amazing, is that even with all the effort being applied to
the problem, the exact physical nature of the defect remsinsz
unknown. Information gathered over the 1last two vyeare has
indicated that fhe defect likely involves an As on Ga anticsite,
but there 1is still some disaqreement as to whether the isclated
antisite alone is the culprit or whether it forms 8 complex with
some other defect. The only real change in the situation over

the last six months is that perhaps fewer pecple are toutihg tne
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isolated antisite as the mechaniem vresponcsible for ELZ. It
appears more and more likely that some other entity is also
invelved., However, there is still no consenzus at all as to the
identification of this other entity. One reaccnable gquess would
be & nearby As vacancy, but other complexes have alsc heen
promoted. The status of the search for the 1dentity of ELZ
will be further described in out Fourth Cuarter R & D Status
report, and the Final Technical Repcrt, these having the oppor-
tunity toe include information reported during conferences 1in the

summer of 19835.

D. Mapping of ELZ2, and Use of ELZ2 and Other Mspping Dists to

fssess the Quality of Gads Wafers as Device Substrates, There

has been much recent interest in measuring the properties of a

GaAs wafer not just at one point, but at many locations - and the
drawing of mape, for EL2 concentration, diclccations, lumines-
cence, device properties, etc. A summary of papers appearing

from 1982 to the beqinning of 1985 on these related top.ccs 1s
provided as Appendix A of this report, on pagec numbered A.1 and
A.2. That Appendix lists over 50 papers that have appeared in
that two-year period; and a number more such will appear in 19235,
especially in view of the July 1985 symposium 1in Montpellier,
France on Defect Recognition and Image Processing (D.R.I.F.) 1in
111-V compounds.

Some of the studies by Japanese workers have led to reports

from them [33,34])] that the proximity of a dislocation to a FET
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produces & direct shift of the threshold voltage, by up to 300
m\., Thic contrasts with reports from the Huqhes Research qroup
[35] that there was no direct dislocation/FET correlation in the
wafere they etudied. Are these vreportse conflicting? Or does
each report <cpring from a limited source of information? Note
that the ELZ2 concentration was not mapped 1in elther of thecse
studies. Thus our own work (much of this carried out undar a
progaram here supported by NSF) has attempted to obtain informa-
tion about the mapping of EL2, diclocations, and device proper-
ties, all in the came wafer. Such a compariscn ic possible only
using the highly refined technique we have developed for measur-
ing the weak absorption of neutral ELZ decspite having this
disperzed only in a thin (0.5 mm) wafer. Figures 9 through 12
illustrate results obtained in our work, which show: there is a
direct correlation between EL2 and device properties, and alco,
that the device pattern may recemble that of diclocsations 1f the
latter share that pattern also with the ELZ2 populatior. Thus a
wafer for which lerqthy post-growth anneal has perm:tted a
dicscolution of any original stress-induced coincidence of ELZ2 and
diclocatione is apt to have the device variations follow thoce of

EL2 rather than dislocations. The subject 1is of such great

importance that further work 1s essential,
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FIGURE CAPTIONS

1. Energy band structure of Gads at 300 K frem [1].
2. Fraction of electrons in the upper valleys and average
electronic enerqy as a function of electric field from

[15].

w

Electronic velocity as & function of electric field for
silicon, InP and GaAs from [14]. In all cases, ND=101?/cm3,
4, Scattering mechanisms considered in most early calculations
as a function of temperature from [3).

S. Monte Carlo calculation from [25] showing the increase in

carrier density near the drain end of the channel.

distance both with (sclid linecs) and without (dashed lines)

6. Recent calculation showing average drift velocity vs. | '
\
electron~electron interactions for two different injection 1
energies from [28],
7. Enerqy diagram for the planar doped barrier transistor. The
: Emitter-Base junction is the hot electron injector, the Ea:ze
| ie the trancit reqgion, and the EBase-Collector junction acts
as the hot electron analyzer. The dashed lines indicate the

band edge under varicus biasinq conditions. From [29].

8. Device qeometry of the permeable base transistor from [31].

A tungsten grating is embedded in the GaAs and the electrons
pass through slits in it.
9. Comparison of maps showing ELZ2 concentration, dislocation

density and device parameters for wafer X, an undoped S0 mm




27
diameter GaAds wafer.
10. Comparison of maps for wafer Y, also an undoped, S0 mm
diameter Gafs wafer.

11. Correlation plocs for wafer Y velating FET properties to the

neutral EL2 concentration.

12. Comparison of maps for wafer Z, an In-doped S0 mmn diameter

Cahs wafer.
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COMPARISON OF SPATIAL DISTRIBUTIONS ACROSS WAFER "X"
("UNDOPED" S.I. GaAs, 50 mm DIAMETER, 0.5 mm THICK)
OF (a) NEUTRAL EL2 CONCENTRATION N°

(b) DISLOCATION DENSITY, ND

(c) Idss FOR MESFET DEVICES MADE IN THIS WAFER.

300 K NEAR-IR TRANSMITTANCE THE WAFER AFTER MOLTEN KOH
INDICATES W° =1.1x10'%¢m™3 ETCHING TO SHOW DISLOCATIONS,
WITH £10% DEVIATIONS, AND WITH 4-FOLD SYMMETRY, AND A
(011)-ORIENTED MINIMA. Rance 2x10% <y < 7x10% a2,
S T 1 1 i {

Iags (pA)
N W
1 T

[} 9 10 1] 12 I3 14

NEUTRAL EL2 CONCENTRATION, N* (10'3 cm™3)

CORRELATION PLOT OF MESFET I, AGAINST

BULK EL2 N°, WITH >95% SIGNIFICANCE. BUT

SINCE WAFER "X* HAS ABOVE-NORMAL N° AND

Iyss VALUES FOR MESFET ARRAY N WITH THE SAME 4-FOLD SYMMETRY, THIS

MADE IN WAFER "X". EACH STEP  WAFER CAN'T DISTINGUISH BETWEEN EL2 AND

DARKER MEANS 1% RISE IN I DISLOCATION PROXIMITY AS AFFECTING A FET.

dss®

Figure 9
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COMPARISON OF MAPS FOR EL2 AND DEVICE PROMSRTIES FOR WAFER "y

[THIS ALSO IS "UNDOPED" S.I. GaAs, 50 mm DIAMETER, 0.5 mm THICK.

FOR THIS TAIL-END WAFER, ND IS LARGE (ﬂ:2)(105 cm-z) AND UNIFORM.

THUS THE RADIAL VARIATION OF N° ("W-SHAPED" DIAMETER PROFILE),
ALSO SEEN FOR I o AND Vi OF A MESFET, IS NOT MATCHED BY A

COMPARABLE VARIATION OF THE DISLOCATION DENSITY FOR THIS WAFER.]

ABOVE, THE MEASURED £1.2° DISTRIBUTION, WITH MEAN N° = 8x10'° cm™>,
A "W-SHAPED" DIAMETER PROFILE WITH CENTRAL MAXIMUM SOME 20% ABOVE
THE MEAN. (STEPS HERE ARE OF aN° = 3x10'% em™3.)

BELOW, MAPS OF MESFET DEVICE PARAMETERS; I, . AT THE LEFT, WITH
EACH STEP OF DARKER SHADING DENOTING 1% LARGER CURRENT. V., AT THE

RIGHT, WITH EACH STEP OF MORE SHADING INDICATING THAT Vth HAS
BECOME 7 mV LESS NEGATIVE.

(om

Figure 10




CORRELATION PLOTS FOR WAFER "Y". FET PROPERTIES vs. NEUTRAL ELZ

THESE PLOTS TAKE DATA OF IdSS (UPPER FIGURE) OR Vth (LOWER FIGURE)
FOR THE MESFET ARRAY CREATED ON A 1x1 mm2 GRID ACROSS THE WAFER,
CORRELATED WITH N° MEASURED AT THESE LOCATIONS. THUS EACH COMPRISES
ABOUT 1600 DATA POINTS; AND THE CONFIDENCE LEVEL IS >99% FOR EACH.
3.0 . , . , . T .

I4gq Vversus N° Tt sl
25| oo ' S

o Ll 1 ) | ¥ 1 i

V,, versus N°

th
-100

-200

-300

THRESHOLD VOLTAGE, V;, (mV)

-400
€

NEUTRAL EL2 CONCENTRATION, N* (10'S ¢m~3)

SINCE THE DISLOCATION DENSITY ND’ WHILE LARGE FOR THIS WAFER WAS
ALSO SPATIALLY UNIFORM, THE DATA POINT TOWARDS A DIRECT INFLUENCE
OF THE EL2 CONCENTRATION IN THE STARTING SUBSTRATE ON THE CHANNEL
CONDUCTANCE — INFLUENCED PRESUMABLY BY THE EL2 COMPONENT OF TRE
SPACE CHARGE AT THE CHANNEL/SUBSTRATE INTERFACE. WE SEE EVIDENCE
OF EL2 AT THAT INTERFACE FROM OUR PHOTOFET AND SIDE-GATE EXPERIMENTS,
AS WELL AS DEEP-LEVEL STATES WHICH ARE RESIDUES OF IMPLANT DAMAGE.

Figure 11
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COMPARISONS OF EL2 CONCENTRATION, DISLOCATIONS, AND FET PROPERTIES
FOR INDIUM-DOPED LEC S.I. WAFER "Z". [ALSO 50 mm DIAM, 0.5 mm THICK]

INDIUM DOPING IS BEING EXPERIMENTED WITH IN LEC GROWTH OF S.I. GaAs
TO "HARDEN" THE LATTICE AND REDUCE DISLOCATION DENSITY — HOPEFULLY
TOWARDS ZERO. IN THE PRESENT CASE, EVIDENTLY THERE WAS NOT ENOUGH

In INCORPORATED, AND ND # 0. AN X-RAY TOPOGRAPH (COURTESY OF DICK
FORMAN OF NBS) SHOWS A”FOUR-FOLD Np DISTRIBUTION WITH CENTRAL MAXIMUM

XRT PICTURE OF DISLOCATIONS,  THE EL2 DISTRIBUTION, AVERAGING

WITH CENTRAL MAXIMUM VALUE  W° = 6x10'° em™3, FOUR-FOLD

4 -2 :
Ny v 107 em™. SYMMETRY WITHOUT CENTRAL MAXIMUM.

S

o
<

o
w

LI 1 i 1 . ! i
3 4 ] [ ] T ] |
NEUTRAL ELZ CORCINTRATION. Ne (1013 ¢m3)

P
L]

THESHOLD VOLTAGE Vv, (voits)

(on) CORRELATION BETWEEN FET THRESHOLD

DISTRIBUTION OF vth VALUES FOR VOLTAGE VALUES FOR THE MESFETS OF
FETs MADE IN ADJACENT WAFER Z°'. WAFER Z', WITH OPTICALLY MEASURED

MEAN IS Vih = +600 mV, WITH TEN EL2 N°® IN THE ADJACENT WAFER Z.

STEPS OF Avth =10 mv.

Figure 12
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APPENDIX A

LITERATURE, SINCE 1982, CONCERNING WAFER SCANNING/MAPPING OF

SEMI-INSULATING GaAs "WAFERS'

SUMMARIZED THROUGH FEBRUARY 1985

(Note that many samples from the first section, EL2, are
several mm thick, thus are not true 'wafers'.)

Pepers Reporting on the Spetiel Verfetion of the EL2 Concentretion in S.1. CaAs Wefers, from 1R Trensmission

Published Publi- Other
Authors Conference cetion z‘yp:':i Di::;;cr Th:::)uu Meterial Forn of Dete Presentetion
or Journel Dete vy Features

Holmes et el Evien Conf. 1982 LEC (HP) 75 4 Radiel line plot

Holmes et el. A.P.L., 3/83 LEC (HP) 75 4 Radiel line plot

Brozel st el. AP.L. 4/83 LEC (HP) 50 5 Radfel line plot; elso vidicon
microgreph

Holwes et el. A.P.L. 8/83 LEC (HP) 75 4 Contour plot (meesurement sites
on grid of J mm x 6 mm).

Skolnick et el. J.Elect.Mat. 1/86  LEC (HP) 50 5 High resolution vidicon pictures

Skolnick et el. A.P.L. 2/84 LEC (HP) to 75 3 High resolution vidicon pictures

Holmes & Chen J.ALP. 5/84 LZC (HP) 75 4 Contour plots besed on meesured
I x ) = prid of locetions

Dusseux & Martin Ksh-nee-te, 1984 LEC (HP) S0 4 In-dopad Moseic plot (1.5 mm resolution)

Oseka & Hoshikawe noonoon 1984 VWMLEC (HP) 75 ¥ Magn. field Rediel line plot only

Foulkes et sl. """ 1984 =C (HP) S0 S In-doped Vidicon pictures, med-high res.

Runsby et el. """ 1984 LEC (HP) 50 S Anneeled Radiel line trece only

Holmes et al. woowoon 1984 LEC (HP) 75 4 lrcl.Anneel Contour plots; 3 x 6 mm resoluti

Leiph et el. R S | 1.7 LEC (HP & LP) 50 5 lncl.Anneel  High resolution vidicon pictures

Dobrille et el. *ooro" 1986 LEC (HP) S0 0.5&5 Moseic plots (1 e resolution)

Kaufmann et el. "o 1986 LEC 50 4 Vidicon isspes, medium resolutio

Brosel et sl. oo 1984 LEC 50 5 Line scen only

Skolnick et el. oo 198 LEC 56 3 High-resolution vidicon pictures

Veng oMo 1984 LEC (LP) 60 4 Line scen only, 4 mm resolution

Brovn et el. too" " 1984 LEC (HP) 50 b} Vidicon microgreph

Brosel et el. J.AP. 8/84 LEC (HP) 50 3Ie S Line ecens & vidicon pictures

Martin et el.

et el Blarrits 1985  LEC (up) 50 4 Indoped  Mossic plots before end efter
. inpot anneal
Tossl et el.
ot el Barrits 1985 LEC (nP) 50 5 Righ-resolution vidicon micro-

photos, ettempt et stereo view.

Goutereeux et el. Blarrits 1985 LEC (NP) 50 5 Mossic plot, 1.5 sm resolution

Blekemore et el. WOCSEMMAD 1985 LEC (HP) 50 0.5 Mosaic plot, 1 s resolutfon,
compared with device paremeters

Dobrille et el. MRS/SFO 1985 LEC (HP) 50 0.5

Mosaic, | wm res., device comp.

Pepers Reporting on the Spetiel Verietion over the eree of e S.I. CaAs UWafer of Resistivity
(or of "leekege current” test for intrinsic photoseneitivity)

e

on

Authors Published Publi- Type end size of a
Conference cetion Crystels used ResultaLreporte
or Journal Date
Bluat Evian Conf. 1982 50 s» LEC and HD Contour sap from “derk epot” response
wafers
Crent et el. # = 1982 50 sm LEC (WP) Contour sap
Matsumure et el. J.J.AP. 3/83 50 m» LEC (WP) Line ecen (M-shape for p and photo-leeksge)
Holises et el. A.P.L. /83 75 mm LEC (WP) Line ecans
{ Mite et el. A.P.L. 11/83 S0 == LEC, & WD Peeudo-3D plote, for photoresponee & laeskege
Duseaux & Martin Kah-nee-ts 1984 50 w» LEC, In-doped Radiel verietion shown oaly
{ Rumsby et el. ® % * 1984 50 = LEC, anneeled Line trecs
Coutereaux et sl. Blarrits 1985 50 =s» LEC (WP) Mosaic plot of By (1.5 =m ree.) compared with [L2
[}
14
H
j Al }
= ) =g
,’ ' . __11» : -
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CONTINUATION Feb. 1985 SUMMARY OF LITERATURE CN WATER HAPS FOR S.I. GaAs

)
Papers Reporting on the Spatial Dependence of Dislocations over the Ares of S.1. CaAs Wafers
Autl.ors Published Publi- Type and size of
Conference cetion Crystals uaed Resu..¢ Reported
or Journal Date
(s) Based on Etch Pit Counting
Grant et al. Evian Conf, 1982 50 == LEC (HP) Moseic map dieplay of EPD
Bonnet et al. " . 1982 50 == LEC (HP) Moseic map of IPD
Holmes et el. A.P.L. 3/83 75 wm LEC (HP) Radisl line trace of EPD
Matsumurs et al. J.J.AP, 3/83 50 =m LEC (HP) Line acen of EPD
Mits et al. A.P.L. 11/83 50 =m LEC & HB Pseudo-3D plot of EPD
Holses and Chen J.AP. 5/84 75 mm LEC (HP) Contour maps of EPD
Pon: et al. Ksh-nae-tas 1984 LEZC (prob. LP) Line scan
Peigen st al. oo 1984 60 wa LEF (LP) Line ecan
Dilorenzo st sl. L/ 1984 LEZC, incl. In-doped Coutour plot, and full-vafer photoe
Stirlend et al. - e 1964 LEC High-mapnificetion TEM compared vith EPD. |
Nakanishi et el. ICSSDM, Kobe 1984 FEC, In-dopad Line acen
(b) Pictures and/or Traces from X-rey Topographs
Brovn et al. Ksh-nee-ts 1984 50 sm LEC (MP) 3 mm vafere ueed, elip bands shown
Ponce et sl. WLl 1984 LEC (prob. LP) Transaiesion picture of full half-wafer
Leigh et al. S 1984 50 mm LeC (WP) 0.3 == wefere used for XRT, etc.
Streuseer & Roeencwaig " " " 1984 LEC. Thermsl-weve image comp. with XRT for high-magn.
Papers Reporting on the Spatiel Dependence across & S.1. GaAs Wefer of Carbon (4 other shallow scceptors)
as_Deduced either from 17 m Local Vidbretionsl Mode (LVM) Absorption, or from neer-bandgsp Luminescence
Published Publi-
Authore Conference cation cl" 't‘?d ;1:: i Results Reported
or Journal Date RASZ D
Holmes ot el. Evian 1982 15 = LEC (HP) Radial 1ine plot, from LVM sbasorption et 17 um
Miystave et al. A.P.L. 2/84 50 =m LEC Room temp. cathodoluminescence, line scans
with high resclution ( ~2 um). !
Yokogaws et al. J.J.AP. 5/84 50 & 75 wm LEC Mossic plots of 4.2 K, 1.49 ¢V PL, 2 mm resolution
Dusesux and Martin Kah-nee-ts 1984 50 sm LYC, 1ln-doped Reporte uniform low carbon from LVM sbsorption |
Kitihere st al. "orom 1984 LEC and VPE layere Line scans of PL et 1.494 ev (carbon) and
at 1.490 eV (zinc) elong (010) and (011) diameters
Leigh et al. "oro" 1984 50 s LEC (HP) 4.2 K cathodoluminescance in SEM, with photos
of 5 x5 mm‘ samples, end detailed line ecans
et 1.514 eV (e-h, flat) and 1.494 ev (rugged)
Chin et al. A.P.L. 9/84 LEC and NGF 300 K cathodolumineecence microgrephs .
Yokogsus et al. Siarritz 1985 50475 mm LEC Mosaic plots of 1.49 eV PL showing snncai «ffects
Kikuta et al. Siarrite 1983 Undoped 5.1.(LEC?) Microfocussed laser spot ur~é to generste high
- resoiution PL image at 1.49 eV, cospare with the
PL images for 0.65 eV and 0.8 eV.
Pgrers Reporting on Varistion over ¢ $.1. CaAs Wafer' t ( e )
s~ers Rep g [} s Wafer's eree of Device Paramtters Vt etc.
Published Publi- Type and size of
Authors Confere.ce cation Crystals used Aesults Reported
- or Journal Date
Dilorenzo et el. Kah-nee-ta 1984 LEC, inc. In-doped Mosaic plot of FET V A
t
Tahebde ot al. - 1984 75 mm L2C (Mod.P) Moeeic plots for Vop e K
Lee et al. - 1984 75 == LEC (NP) Pseudo-3D plots of v, for FETs sligned
slong [010], [011], and [011) directions.
Winston et sl. SR 1 R 1984 350 mm LEC, In-doped Line plots oi V¥, for low-disloc. matersal
Yamazaki et al. A.P.L. 11/84 50 mm LIC, 1n-doped Moeaic plots of V.p for lov dieloc. mtl. .
Winston et al. Siarrits 1985 75 mm LEC, la-doped Comcerwed with dialocation proeisity in low- !
disloc. material ee affectiag V,, aad Cl. i
i
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